Pseudomonas stutzeri L-rhamnose isomerase (L-RhI) is capable of catalyzing the isomerization between various aldoses and ketoses, showing high catalytic activity with broad substrate-specificity compared with Escherichia coli L-RhI. In a previous study, the crystal structure of P. stutzeri L-RhI revealed an active site comparable with that of E. coli L-RhI and D-xylose isomerases (D-XIs) with structurally conserved amino acids, but also with a different residue seemingly responsible for the specificity of P. stutzeri L-RhI, though the residue itself does not interact with the bound substrate. This residue, Ser329, corresponds to Phe336 in E. coli L-RhI and Lys294 in Actinoplanes missouriensis D-XI. To elucidate the role of Ser329 in P. stutzeri L-RhI, we constructed mutants, S329F (E. coli L-RhI type), S329K (A. missouriensis D-XI type), S329L and S329A. Analyses of the catalytic activity and crystal structure of the mutants revealed a hydroxyl group of Ser329 to be crucial for catalytic activity via interaction with a water molecule. In addition, in complexes with substrate, the mutants S329F and S329L exhibited significant electron density in the C-terminal region not observed in the wild-type P. stutzeri L-RhI. The C-terminal region of P. stutzeri L-RhI has flexibility and shows a flip-flop movement at the inter-molecular surface of the dimeric form.
Introduction
L-rhamnose isomerase (L-RhI, EC 5.3.1.14), catalyzing the reversible isomerization of L-rhamnose to L-rhamnulose, was first found in Escherichia coli half a century ago (Wilson and Ajl, 1957) . The L-RhI from Pseudomonas stutzeri (Bhuiyan et al., 1997a; Leang et al., 2004a) shows higher catalytic activity and broader substrate specificity than that from Escherichia coli (E. coli L-RhI; Badia et al., 1991; Fessner et al., 1992; Moralejo et al., 1993) , catalyzing the isomerization between various aldoses and ketoses, as well as between L-rhamnose and L-rhamnulose, in the presence of appropriate metal ions (Bhuiyan et al., 1997a; Leang et al., 2004a,b) . Leang et al. reported that a recombinant His-tagged P. stutzeri L-RhI efficiently catalyzed the isomerization between L-rhamnose and L-rhamnulose, L-mannose and L-fructose, L-lyxose and L-xylulose, D-ribose and D-ribulose, and D-allose and D-psicose. As some of these sugars exist only in small amounts in nature, P. stutzeri L-RhI may be of industrial use in 'rare sugar' production (Bhuiyan et al., 1997b (Bhuiyan et al., , 1998 (Bhuiyan et al., , 1999 . The enzyme is already used to produce D-allose from D-psicose. In our previous study, the crystal structure of P. stutzeri L-RhI showed a homo tetramer (Yoshida et al., 2007) and was comparable in overall structure to the homo-tetrameric L-RhI enzyme from E. coli [Korndörfer et al., 2000; PDB code 1DE5, 19% identity and a Z-score of 27.1 in a DALI search (Holm and Sander, 1993) ]. However, the dimeric interface in the P. stutzeri L-RhI tetramer is more similar to that in the tetrameric D-xylose isomerases (D-XIs) from Streptomyces rubiginosus (Whitlow et al., 1991; Wong et al., 1991) , Actinoplanes missouriensis (Amore and Hollenberg, 1989; Jenkins et al., 1992) and Thermus thermophilus (Dekker et al., 1991; Chang et al., 1999) rather than E. coli L-RhI. Streptomyces rubiginosus D-XI (PDB code 4XIS) shows 17% identity, and a Z-score of 33.6 with P. stutzeri L-RhI. The crystal structures of P. stutzeri L-RhI in complexes with L-rhamnose and D-allose have also been determined (Yoshida et al., 2007) . The P. stutzeri L-RhI/L-rhamnose and P. stutzeri L-RhI/ D-allose complexes showed that the part of the substratebinding site interacting with the substrate at the 1-, 2-and 3-positions was equivalent to E. coli L-RhI, and the other part interacting with the 4-, 5-and 6-positions was similar to A. missouriensis D-XI. In addition, the P. stutzeri L-RhI/D-allose complex had different configurations of C4 and C5 from L-rhamnose, suggesting loose substrate recognition at the 4-, 5-and 6-positions. A comparison of the active site and overall structure including the mode of dimerization implied that P. stutzeri L-RhI has the properties of both E. coli L-RhI and D-XIs. There was a significant difference in the structure of the active site between the three enzymes. Ser329 in P. stutzeri L-RhI, which does not interact directly with the substrate but seemingly helps to provide a space for it, corresponds to Phe336 in E. coli L-RhI showing strictly specific binding to L-rhamnose and Lys294 in A. missouriensis D-XI. To elucidate the role of Ser329 at the active site of P. stutzeri L-RhI, we carried out kinetic and crystallographic studies of the wild type and Ser329 mutants, S329F, S329L, S329K and S329A. Although Ser329 is not directly involved in catalytic reactions or substrate-binding in wild-type P. stutzeri L-RhI, all the mutants except S329A showed decreased catalytic activity (k cat ). Although the catalytic activities of S329 mutants were decreased, the structure of the mutants in complexes with substrates was determined at a higher resolution than that of wild-type P. stutzeri L-RhI, probably due to the stabilization of substrate binding. The mutants exhibited significant electron density in the C-terminal region, which had not been observed in wild-type P. stutzeri L-RhI. Here, we discuss the roles of Ser329 and the C-terminal region based on the crystal structures of mutants in complexes with substrates.
Materials and methods

Construction of P. stutzeri L-RhI mutants
All mutants were constructed by PCR. The site-directed mutagenesis was performed based on the instruction manual of the QuikChange Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). The plasmid pOI-02 (Leang et al., 2004b) 0 . The construction of S329K was as described (Yoshida et al., 2010) . For the construction of mutant I429S/I430S, the primers (the codons for positions 429 and 430 are underlined) used were 5 0 -GGTGGCGGC GGCAGCAGCGGATCTCATCAC-3 0 and 5 0 -GTGATGAGA TCCGCTGCTGCCGCCGCCACC-3 0 . The L-RhI gene for C-terminal deletion was amplified by PCR using 5 0 -GGG CCATGG CTGAATTCAGGATCGCTCAGGATGTCG-3 0 and 5 0 -CCC GGATCCGGGGCGCTCGGCGGCGACCCTGGCG CG-3 0 containing an NcoI site and BamHI site, respectively. The PCR products were digested with NcoI and BamHI and inserted into the NcoI -BglII site of pQE60 (Stratagene). The resulting plasmid was designated pQE-RhIdel. All mutations and deletions were confirmed using ABI PRISM 310 genetic analyzer (Applied Biosystems, CA, USA).
Protein preparation and crystallization
Cell growth conditions and purification of the P. stutzeri L-RhI wild type and Ser329 mutants were as described (Yoshida et al., 2006) . The mutant proteins were produced in E. coli JM109 carrying constructs derived from pOI-02. Crystals of Ser329 mutants were grown by the vapor diffusion method in a droplet mixing 2 ml of protein solution (10 -16 mg/ml protein in 5 mM Tris -HCl, pH 8.0) and the same volume of reservoir solution (6 -9.25% (w/v) polyethylene glycol 20 000, 50 mM MES buffer, pH 6.1-6.3). Crystals of Ser329 mutants/L-rhamnose and Ser329 mutants/ D-allose were obtained by a soaking method, by incubation for 8 -20 h with an additional 0.2 ml of 100 mM substrate solution (final concentration 5 mM) and 0.2 ml of 0.2 M MnCl 2 in a droplet (final concentration 10 mM). All crystallization and soaking experiments were carried out at 208C.
Data collection and structure determination
Crystals were flash frozen using the same reservoir solution containing 30% (v/v) glycerol as a cryoprotectant at 100 K, and X-ray diffraction data were collected using an ADSC Quantum 4R CCD detector system on the BL-6A beam line, an ADSC Quantum 315 detector system on the BL-5A beam line and an ADSC Quantum 270 detector system on the BL-17A beam line in the Photon Factory (Tsukuba, Japan). Diffraction data were processed using the program HKL2000 (Otwinowski and Minor, 1997) and the CCP4 program suite (Collaborative Computational Project 4, 1994) . Data collection and refinement statistics are summarized in Table 1 . The structure of each Ser329 mutant was solved by molecular replacement using the program MOLREP in the CCP4 program suite (Collaborative Computational Project 4, 1994) or by isomorphous replacement using the rigid body refinement of Refmac5 (Murshudov et al., 1997) . The previously determined structure of wild-type P. stutzeri L-RhI was used as a search model. Further model building and refinement were performed with the program X-fit (McRee, 1999) in the XtalView program system (McRee, 1993) and using the program CNS (Brünger, 1993) with Engh and Huber stereochemical parameters (Engh and Huber, 1991) . Water molecules were gradually introduced if the peaks above 3.5 s in the (F o 2 F c ) electron density map were in the range of a hydrogen bond.
Determination of Kinetic Parameters
The isomerase activity for the substrate aldose was determined by measuring the increase in the amount of ketose produced in the reaction mixture as described (Leang et al., 2004b) . A solution (0.5 ml) containing 50 mM glycine-NaOH buffer (pH 9.0), 1 mM MnCl 2 and 50 ml of purified enzyme was prepared. The reaction was initiated by the addition of various concentrations of each substrate (final concentration: 10, 25, 50, 75, 100 or 150 mM) and terminated by the addition of 50 ml of 10% trichloroacetic acid after the mixture was incubated for 10 min at 508C. The amount of ketose formed was determined by spectrophotometric measurements after color development by the addition of 100 ml of a 1.5% cystein-HCl solution, 3 ml of 70% H 2 SO 4 and 100 ml of a 0.12% carbazole-ethanol solution and incubating the mixture for 20 min at 358C (20 min at 508C for D-psicose). The colored mixture was measured at 540 nm for D-ribulose (ketopentose), 545 nm for L-rhamnulose (deoxy ketohexose) and 580 nm for D-psicose (ketohexose). All measurements were performed in triplicate. One unit of activity represented 1 mmol of ketose formed within 1 min under the conditions. Each molecular extinction coefficient and molecular weight (0.0224 and 150.13 for D-ribulose, 0.00881 and 164.16 for L-rhamnulose and 0.0284 and 180.156 for D-psicose, respectively) were used for the calculation.
The kinetic parameters K m and V max were calculated using non-linear regression fitting (SigmaPlot 9.0 & Enzyme Kinetics Module 1.2, Systat Software Inc., CA, USA) with Michaelis-Menten kinetics. The values are given with standard deviations, and k cat was calculated based on a molecular weight of 47 942 for the His-tagged protein. For deletion mutants, a molecular weight of 47 159 was used for the calculation.
Results and discussion
Quality of structures
The structures determined in this study were refined to an R-factor of 0. Table 1 . In Ramachandran plots (Ramachandran and Sasisekharan, 1968) , 91.5% of all residues in S329F/L-rhamnose, 91.8% in S329F/D-psicose, 90.9% in S329F/D-allose, 91.4% in S329L/ L-rhamnose, 90.7% in S329L/D-psicose and 91.1% in S329A/L-rhamnose occurred in the most favored regions, with no residue in disallowed regions as determined by the program PROCHECK (Laskowski et al., 1992) . All mutants form a homo-tetramer similar to the wild-type P. Simulated annealing omit map for the bound metal ion and substrates are given in Supplementary Fig. S1 .
Enzymatic properties of Ser329 mutants
Kinetic parameters of the wild-type P. stutzeri L-RhI and Ser329 mutants for L-rhamnose, D-allose and D-ribose are summarized in Table 2 . Supposed positions for strict recognition and loose recognition of substrates in wild-type P. stutzeri L-RhI are shown with chemical structures in Fig. 1 . According to the k cat /K m values for the various aldoses that Leang et al. (2004b) reported, wild-type P. stutzeri L-RhI recognizes substrates at C2 and C3 but not at C4 and C5 (Fig. 1) .
In Table 2 , all k cat and k cat /K m values of S329L for each substrate were decreased compared with those of the wild were used for refinement calculations. b 10% of the R free set was randomly excluded from each data set (9.9% for Ser329Phe/L-rhamnose).
The role of Ser329 of L-rhamnose isomerase type. The K m for each substrate was slightly smaller than that of the wild type. With respect to S329F, which was expected to have increased catalytic activity and affinity for L-rhamnose, k cat and k cat /K m values for all substrates were decreased whereas the K m for L-rhamnose did not show a major difference from that of the wild type. Considering that the K m of S329L for L-rhamnose decreased but that of S329F did not, the side chain of Phe detrimentally affects interaction with L-rhamnose.
In the case of S329K, which has a D-XI type residue, K m values for L-rhamnose and D-allose were slightly decreased and all k cat and k cat /K m values were significantly decreased. S329K showed an increase in interaction with each hexose given its crystal structure bound with substrate (Yoshida et al., 2010) , and a newly created interaction with a catalytic water molecule would influence the catalytic activity. We tested the activity for D-xylose in S329K, but found no significant effect. As L-RhI strictly recognizes the O2 and O3 of substrates via the binding of metal ions, the substitution of Ser329 could not compensate for the recognition of O3 for D-xylose. In the case of D-XI, it recognizes the O2 and O4 of substrates via metal binding.
To see the effect of the side chain, S329A was constructed as a control. The K m value for L-rhamnose of S329A did not differ significantly from that of the wild type; however, the k cat value was decreased. This implies a hydroxyl group of Ser329 to be indirectly involved in the catalytic activity, though it does not actually interact with the substrate. In addition, all the mutants had lower k cat values for substrates including D-ribose ( pentose) than the wild type, suggesting that the increase in the hydrophobicity of the substituted residue at 329 is not suitable for catalytic activity.
Structural comparison of Ser329 mutants and a plausible role for S329 in the catalytic mechanism
There was no major difference in overall structure among the Ser329 mutants. We introduced Phe or Leu at position 329, expecting an increase in hydrophobicity and affinity for the substrate with no conformational rearrangement of the active site, since the side chain was an appropriate size for the open space at the active site of the wild-type structure bound with L-rhamnose and D-allose (PDB codes 2I56 and 2I57). The side chain of S329F is oriented differently from the corresponding residue (Phe336) of E. coli L-RhI in the superimposed model (Fig. 2) . The Phe336 of E. coli L-RhI is directed at O4 of L-rhamnose with a distance of 2.9 Å , but the S329F in P. stutzeri L-RhI faces C6 at a distance of 4.3 Å . The difference in the hydrophobic environment to stabilize the bound substrate would be a reason why S329F does not have a similar effect on specific activity for L-rhamnose to E. coli L-RhI.
P. stutzeri L-RhI requires metal ions for its catalytic activity. Two metal ions were observed in each molecule of the P. stutzeri L-RhI and P. stutzeri L-RhI/substrate complexes (Yoshida et al., 2007) , as had been shown in D-XIs and E. coli RhI. The 'structural metal' (M-1) is for helping the substrate-binding, and the 'catalytic metal' (M-2) is involved in the hydride shift. The metal ions in P. stutzeri L-RhI are coordinated in an octahedral form with six coordination bonds. M-1 is coordinated with Glu219, Asp254, His281, Asp327 and the substrate (O2 and O3), and M-2 is coordinated with His257, Asp289, the substrate (O1 and O2) and two water molecules (W-1 and W-2) (Yoshida et al., 2007) . In Fig. 3a , W-2 is a catalytic water molecule involved in the hydride-shift mechanism as a hydroxyl ion and interacts with Asp291. As mentioned, the hydroxyl group of Ser329 does not interact with the substrate, but interacts with a water molecule (W-3) at a distance of 2.7 Å which also interacted with NH1 of *Arg65 from a neighboring molecule at a distance of 3.0 Å (Fig. 3a) . *Arg65 forms a hydrogen bond with the OD2 of Asp291, which has hydrogen bonds with two water molecules (W-2 and W-5) including the catalytic water molecule, coordinating with M-2. In another study, we constructed an R65C mutant and found its catalytic activity to be as low as that of S329F (data not shown). *Arg65 would also contribute to the catalytic activity of P. stutzeri L-RhI. The crystal structure of the substrate-binding site of each Ser329 mutant bound with L-rhamnose is compared in Fig. 3b -e. The S329K mutant had increased affinity for all substrates. The crystal structure of S329K bound to L-rhamnose revealed a hydrogen bond between the NZ of S329K and O4 of L-rhamnose (2.6 Å ; Fig. 3b) , which is not present in the wild-type P. stutzeri L-RhI (Fig. 3a) . In addition, the NZ of S329K interacts with the catalytic water molecule (2.5 Å ) and compensates for its negative charge, resulting in a decrease in k cat and k cat /K m values. The catalytic water molecule being a hydroxyl ion is crucial for catalytic reactions and responsible for the proton transfer between O1 and O2 (Yoshida et al., 2010) .
In the crystal structure of S329L bound to L-rhamnose, there is no water molecule interacting with S329L and with *Arg65. Even the nearest water molecule (W-7) lies a distance of 3.8 Å from *Arg65 and 4.2 Å from the CB of S329L. The absence of any hydrogen bond increases the hydrophobic environment for L-rhamnose. Actually, the K m value for L-rhamnose was less than half that of P. stutzeri L-RhI. A similar hydrophobic environment was found in the vicinity of the catalytic water molecule of S329F (Fig. 3d) .
The Ser329 of wild-type P. stutzeri L-RhI interacts with water molecules (Fig. 3a) . Likewise, S329A showed a van der Waals contact distance to the water molecule W-3 of The role of Ser329 of L-rhamnose isomerase 3.3 Å , though the distance to W-4 was slightly longer (3.6 Å ; Fig. 3e ). This mutant retains relatively high k cat values for substrates compared with the other Ser329 mutants. In the case of S329A bound with L-rhamnose, there is similar sequential interaction between the catalytic water molecule and Asp291, Asp291 and Arg65, Arg65 and a water molecule (W-3), and the water molecule W-3 and S329A. Such indirect interaction between the catalytic water molecule and side chain at position 329 or indirect interaction through the catalytic water molecule -Asp291 -Arg65 -water molecule (W-3) -Ser329 might affect the catalytic activity. Therefore, the conformation formed by the hydrogen bond between Ser329 and the catalytic water molecule and a hydrophilic environment including W-4, W-5 and W-6 could be important for catalytic activity. 
Role of the C-terminal region
The S329 mutants bound with substrates, S329F/L-rhamnose, S329K/L-rhamnose and S329L/L-rhamnose exhibited significant electron density in the C-terminal region (-ASVAGGGGIIGSHHHHHH). The underlined amino acid residues show an additional six-histidine tag and two amino acid residues created by the sequence encoding a restriction-enzyme recognition site and are represented by a dark colored ribbon model in Mol-C and Mol-D. The C-terminal region in Mol-C and Mol-D of S329K/ L-rhamnose covers the active site of the molecule (Fig. 4a , Type A). The C-terminal region in Mol-C and Mol-D of The role of Ser329 of L-rhamnose isomerase S329L/L-rhamnose enters the active site of the neighboring molecule and covers both active sites (Fig. 4b, Type B) . The flexibility of the C-terminal region suggests a flip-flop movement at the inter-molecular surface of the dimmer. Since no such movement was evident in wild-type P. stutzeri L-RhI (PDB code 2HCV), the increase in hydrophobicity caused by the substitution of Ser329 with Leu, Phe or Lys probably stabilized the active site and gave significant electron density, which was not observed in wild-type P. stutzeri L-RhI. In fact, in the electron density maps, Ile429 in the C-terminal region of S329L/D-psicose (Type B) is just 3.4 Å from the substrate (O6 of D-psicose and Ile429) (Fig. 4c) . In the case of S329F/D-allose (Type B) and S329F/L-rhamnose (Type A), the corresponding distance is 4.2 Å (O6 of D-allose and Ile429) (Fig. 4d) and 5.1 Å (C6 of L-rhamnose and Ile429) (Fig. 4e) , respectively. Moreover, Ile429 of the three mutants (S329L, S329F and S329K) approached the substituted 329th residue within the van der Waals contact distance and caused an increase in hydrophobicity, whereas Ile429 was unable to make van der Waals contacts with Ser329 of the wild type and/or the substituted Ala329 in S329A. Such an increase in hydrophobicity would stabilize the bound substrate but not allow catalysis to release the product from the active site. Thus, the hydrophobicity of the C-terminal region would also affect the catalytic activity. The Ser329 mutants bound with substrates exhibited significant electron density in the C-terminal region in Mol C; however, we could not build a model of the C-terminal region in some other molecules due to poor electron density, though why is not clear.
An effect of the C-terminal region on the catalytic activity
On the basis of the structure of Ser329 mutants bound with substrates, we constructed a C-terminal-deleted mutant to investigate the role of the flexible region covering the active site in P. stutzeri L-RhI (Fig. 5) . In this experiment, the samples for assays were treated with 5 mM EDTA to remove bound metal ions during the culturing and purification and replace them with Mn 2þ , since we wanted to judge the effect of the C-terminal region and eliminate the influence of other metal ions.
Interestingly, the truncated mutant (L-RhIdel) had increased catalytic activity for L-rhamnose compared with the wild-type P. stutzeri L-RhI (Table 3 ). The K m and k cat of L-RhIdel for L-rhamnose were slightly increased, 1.3 and 1.4 times higher than that of wild-type P. stutzeri L-RhI, respectively. As a result, the k cat /K m value for L-rhamnose is almost the same as that of wild-type P. stutzeri L-RhI. In addition, we constructed a P. stutzeri L-RhI mutant with a double mutation, I429S/I430S, to reduce the hydrophobicity of the C-terminal region. The k cat of the mutant I429S/I430S was also higher than that of wild-type P. stutzeri RhI. This suggests that the hydrophobic C-terminal region covers the active site and stabilizes the bound substrate like a lid and that the region has an effect on the efficiency with which the product is released from the active site.
In conclusion, site-directed mutagenesis suggested that Ser329 affects substrate-specificity though it does not interact with the substrate and that OG of Ser329 is crucial for catalytic activity in P. stutzeri L-RhI. Furthermore, the crystal structure of Ser329 mutants bound with substrates revealed the C-terminal region of P. stutzeri L-RhI to have a role in flip-flop movement on the inter-molecular surface.
Protein Data Bank accession numbers
The atomic coordinates and structure factors of S329F/ L-rhamnose (PDB code 3M0H), S329F/D-psicose (PDB code 3M0L), S329F/D-allose (PDB code 3M0M), S329L/ L-rhamnose (PDB code 3M0V), S329L/D-psicose (PDB code 3M0X) and S329A/L-rhamnose (PDB code 3M0Y) have been deposited in the Protein Data Bank, Research Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ, USA.
Supplementary data
Supplementary data are available at PEDS online. All samples were treated with 5 mM Tris-HCl, pH 8.0, containing 5 mM EDTA after purification to remove existing metal ions and dialyzed with 5 mM HEPES buffer pH 8.0. For the assay, EDTA-treated samples were used and measurement made in various concentrations of L-rhamnose (final concentration, 1, 2, 5, 10, 20, 50 or 100 mM).
